Introduction {#sec1}
============

In recent years, one-dimensional (1D) semiconductor nanowires, especially the ultrathin nanowires less than 10 nm in diameter, have aroused extensive interest because they are of vital importance in improving basic scientific research and promoting potential technological applications.^[@ref1]^ Due to the structural anisotropy, substantially small diameters, and significantly large surface areas, ultrathin nanowires also show ballistic conduction, controlled surface charge, and lateral quantum-confinement that are essential for use in electronic devices, magnetic materials, catalysts, and gas sensors.^[@ref2],[@ref3]^ Indium oxyhydroxide (InOOH), as a wide-band-gap semiconductor (3.6 eV), has aroused increasing interest owing to the recent studies that show that it can be used as an attractive photocatalyst for the degradation of some organic pollutants under UV irradiation.^[@ref4]−[@ref6]^ Various morphologies of InOOH, including nanoparticles, nanofibers, nanowires, nanorods, nanotubes, microspheres, hollow microspheres, and 3D architectures, have been synthesized via numerous methods.^[@ref7]−[@ref10]^ However, they are normally used as precursors to synthesize the In~2~O~3~ nanomaterials with well-defined geometric shapes and even a specific crystallographic phase in the past decades.^[@ref7]−[@ref12]^ For example, earlier reports suggested that InOOH nanotubes and nanorods (about 7 nm in diameter) are likely to transform into *rh*-In~2~O~3~ with largely preserved morphology and size under ambient pressure.^[@ref13],[@ref14]^ However, the crystal structure and physical and chemical properties of ultrathin InOOH nanowires (\<5 nm) have rarely been studied due at least in part to the fact that these nanowires are susceptible to a decomposition--recrystallization process that leads to *c*-In~2~O~3~ nanocubes with large size.^[@ref7]^

In the past two decades, the structures and properties of InOOH-type oxyhydroxides, such as β-GaOOH, δ-AlOOH, and ε-FeOOH, under various pressure--temperature (*P*--*T*) conditions have become the focus of intense research efforts.^[@ref15]−[@ref22]^ On the one hand, it is helpful for us to improve our understanding of geochemical and geophysical processes in Earth's interior.^[@ref23]^ A raft of studies pointed out that these hydrous minerals should be the prospective carriers that will transport hydrogen into the mantle.^[@ref17],[@ref24],[@ref25]^ For instance, δ-AlOOH is obtained from the phase transition of a diaspore under the conditions of about 20 GPa and 1273 K,^[@ref26]^ and it seems to be stable under the conditions for cold slabs subducting into the deep mantle.^[@ref17],[@ref18],[@ref27]^ On the other hand, the geometrical and energetic parameters of the internal hydrogen bonds were reported to undergo large variations under pressure.^[@ref28]−[@ref31]^ Furthermore, the normal hydrogen bond, a highly asymmetric soft O--H···O, is predicted to linearize the O--H···O bond angle and eventually transform into a special type structure (symmetric O--H--O with equal O--H distances) under high pressure.^[@ref17],[@ref32]^ This type of bond is stronger and expected to have a significant effect on the crystal structure and properties of materials.^[@ref26],[@ref33]^ As an analog of δ-AlOOH, InOOH crystallizes in a distorted rutile-type structure (*P*2~1~*nm*) under ambient conditions.^[@ref34]^ Its crystal structure consists of several parallel columns of edge-sharing InO~6~ octahedra along the *c*-axis, and each column shares corners of octahedra with its neighbor ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The high-pressure studies of InOOH are meaningful and helpful for further understanding of the phase transition behaviors of δ-AlOOH. Recently, a few theoretical predictions and experimental studies about the compression behaviors of InOOH bulk materials have been reported with some contradictory results.^[@ref32],[@ref35],[@ref36]^ Tsuchiya et al. found that the distorted rutile-type InOOH transformed to the pyrite-type structure (*P*2~1~3) at about 15 GPa by first-principles density functional calculations under the static compression at 0 K.^[@ref32]^ However, the X-ray diffraction study indicated that the distorted rutile-type InOOH did not transform into the pyrite-type structure in the range below 35 GPa at normal temperature.^[@ref36]^ After heating at a higher temperature of 1300 K, the distorted rutile-type InOOH transformed to the pyrite-type structure at 14 GPa and then remained stable until the pressure was up to at least 30 GPa.^[@ref35]^ Thus, it is reasonable to assume that the phase transition of InOOH from distorted rutile- to pyrite-type structure is kinetically hindered at ambient temperature. More exactly, temperature plays a significant role in the phase transformation.^[@ref37]−[@ref39]^ The theoretical study also predicted that the pressure-induced hydrogen-bond symmetrization in the distorted rutile-type structure should occur at 25 GPa (a second-order phase transition from the space group *P*2~1~*nm* to *Pnnm*)*.* However, it has not yet been demonstrated experimentally.

![(a) Arbitrary view and (b) an elevation view along the *c*-axis of the crystal structure of the distorted rutile-type InOOH (*P*2~1~*nm*).](ao0c01088_0001){#fig1}

In addition, the nanoeffects, generally including the surface effect, small size effect, and quantum dimension effect, were widely reported.^[@ref40]−[@ref43]^ As another important source of factors, the nanoeffects can influence the compression behaviors when the material is reduced from bulk to the nanometer scale in a couple of profound ways, such as changing the phase transition pressure and the bulk moduli, and even influence the phase transition routines.^[@ref44]−[@ref47]^ However, to the extent of our knowledge, the high-pressure study of the InOOH nanomaterial is rarely reported. By applying pressure, the electronic and structural properties of materials can be tuned.^[@ref48]−[@ref50]^ In a real system, these factors like surface tension, confinements, and defects have a significant impact on the pressure-induced electronic and structural transformations. Thus, high-pressure studies of low-dimensional materials can provide more valuable information. In this paper, synchrotron X-ray diffraction measurements were conducted to study the compression behaviors of InOOH bulk crystals and ultrathin nanowires. In particular, we are likely to devote significant attention to the phase transformations and equation of states (EOSs). Finally, the results of our work are carefully compared with those in the previous reports about InOOH bulk materials to illuminate the effects of 1D nanostructures on the materials' elastic properties and phase stability.

Results and Discussion {#sec2}
======================

As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, all the broadened diffraction peaks of InOOH nanowires could be deconvoluted and indexed to the orthorhombic InOOH. The calculated lattice parameters, *a* = 5.25 Å, *b* = 4.55 Å, and *c* = 3.27 Å, are consistent with the values from the standard JCPDS card (No. 71-2283). The typical EDS spectrum ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d) indicates that the as-prepared sample contains mainly In and O elements. The signal of Cu is detected from the supporting mesh. The TEM image ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b) displays that the as-prepared InOOH ultrathin nanowires are about 40--60 nm in length and 2--3 nm in diameter. From the typical HRTEM image and the corresponding FFT pattern of an isolated InOOH nanowire ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c), the growth orientation of the nanowire can be obviously confirmed to be along the \[001\] crystalline direction, which may be due to the anisotropic crystallographic feature.^[@ref51]^ As shown in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01088/suppl_file/ao0c01088_si_001.pdf), it is noticeable that the InOOH bulk crystals can also be assigned to the orthorhombic structure with average particle sizes of 3--5 μm.

![(a) Typical XRD pattern of the ultrathin InOOH nanowires. (b) Typical TEM image of InOOH nanowires. (c) Typical HRTEM image and the corresponding FFT pattern of an isolated InOOH nanowire. (d) The EDS spectrum of the prepared InOOH nanowires.](ao0c01088_0002){#fig2}

The ADXRD patterns of InOOH bulk crystals and ultrathin nanowires at pressures up to 36.9 and 35.0 GPa are shown in [Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a and [4](#fig4){ref-type="fig"}a, respectively. With increasing pressure, all the diffraction peaks in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a and [4](#fig4){ref-type="fig"}a become broader and less intense and shift to higher angles for the reduction of the unit cell volume. No sign of a first-order phase transition can be observed in both InOOH bulk crystals and ultrathin nanowires over each whole investigated pressure range.

![(a) Angle-dispersive XRD patterns of InOOH bulk crystals. (b) Le Bail refinements of the XRD patterns of InOOH bulk crystals at different pressures.](ao0c01088_0003){#fig3}

![(a) Angle-dispersive XRD patterns of the InOOH nanowires. The peak of Fe, which is from the stainless steel gasket, is marked with an asterisk. (b) The narrow-range XRD patterns and the deconvoluted peaks of InOOH nanowires (solid blue trace) at 0.9, 15.1, and 35.0 GPa.](ao0c01088_0004){#fig4}

As shown in [Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b and [4](#fig4){ref-type="fig"}b, all the diffraction peaks of InOOH bulk crystals and ultrathin nanowires on the upstroke can be indexed to a distorted rutile-type phase. Upon releasing pressure to ambient conditions, the amorphization of these two kinds of InOOH samples induced by the pressure can be clearly observed. These results agree well with the previous experimental work of Sano-Furukawa et al., which suggested that the distorted rutile-type InOOH remains stable up to at least 35 GPa at room temperature.^[@ref36]^ The XRD patterns at each pressure were indexed for obtaining valid crystal lattice parameters and cell volumes.

As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a, the normalized cell parameters (*a*/*a*~0~, *b*/*b*~0~, and *c*/*c*~0~) reveal the anisotropy of the compressibilities in InOOH bulk crystals. It is quite obvious that the *b*-axis has the largest compressibility among all axes under high pressure. In order to expound the subtle changes in compression behavior, the variations in the axial ratios of *a*/*c* and *b*/*c* with pressure were carefully checked and are plotted in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b,c, respectively. The ratio of *a*/*c* remains constant at the first few gigapascals, and then, it increases with pressure. More remarkably, an inflection point, which indicates an abrupt change in the pressure derivative of the axial ratio *b*/*c* from negative to positive, occurs at 15.2 GPa. This value is nearly the same as the previous experimental work by Sano-Furukawa et al. (15 GPa).^[@ref36]^ This change in axial compressibility, which is commonly correlated with hydrogen bonds in InOOH-type oxyhydroxides, has been mentioned in the previous reports.^[@ref17],[@ref26],[@ref36]^ It may be generally attributed to the fact that because the hydrogen bonds are formed in the *a*--*b* plane, the *c*-axis is less impacted by the hydrogen bonds. Thus, the compression of the *c*-axis is substantially equivalent to the compression of the In--In interatomic distance. Considering that the direction of the hydrogen bond is slightly closer to the *b*-axis direction, strengthening of the hydrogen bond has a relatively larger effect on the *b*-axis than on the *a*-axis. Kuribayashi et al. proposed that a similar change in the axial ratio *b*/*c* of δ-AlOOH may be related to the disordered arrangement of hydrogen atoms, which has been found in H~2~O ice under high pressure.^[@ref26]^ It is true that the positions of hydrogen atoms are impossible to be determined by X-ray diffraction. So, according to the experimental reports, whether the disordered model exists or not in δ-AlOOH was unclear. Until recently, Sano-Furukawa et al. have directly observed the symmetrization of the hydrogen bond in δ-AlOOH by means of a neutron diffraction experiment.^[@ref52]^ According to the results of this experiment, the change in the axial ratio *b*/*c* has a good response to a phase transition from *P*2~1~*nm* to *Pnnm* (disordering of the H-bond, [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01088/suppl_file/ao0c01088_si_001.pdf)). It is therefore reasonable to infer that the inflection point in the *b*/*c*--*P* plot of InOOH bulk crystals may be related to the phase transition from *P*2~1~*nm* to *Pnnm.* In addition, Sano-Furukawa et al. suggested that the phase transition of InOOH from *P*2~1~*nm* to *Pnnm* should occur even at 2.2 GPa due to the disappearance of the 010 reflection.^[@ref36]^ However, the evidence seems insufficient because the 010 reflection is too weak that can be easily masked by high background from the pressure medium and the diamond backing plate under high pressure ([Figures S3, S4 and Tables S1, S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01088/suppl_file/ao0c01088_si_001.pdf)).

![Pressure evolution of relative lattice constants and the axial ratios *a*/*c* and *b*/*c* of InOOH bulk crystals and uniform ultrathin nanowires are shown in (a--c) and (d--f), respectively.](ao0c01088_0005){#fig5}

For InOOH nanowires, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d--f, their compression behavior seems in accordance with that of InOOH bulk crystals except that a remarkable difference can be found in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}f. The inflection point, which indicates the change in the behavior of the *b*/*c* of InOOH nanowires, occurred at a higher pressure (around 20.1 GPa) than it does in InOOH bulk crystals. It is generally accepted that the smaller the size, the harder it is to be compressed, which is generally attributed to the nanosize effect. The low-dimensional nanomaterials, such as nanowires with the characteristic of considerable surface areas, are believed to store much higher surface energy than their bulk counterparts.^[@ref53]^ From the points mentioned above, as compared to InOOH bulk crystals, the ultrathin InOOH nanowires need a higher pressure to overcome more surface energy and to compress the crystal structure with hydrogen bonds.

The difference in the compression behavior of InOOH bulk crystals and ultrathin nanowires can also be visualized from the pressure--volume (*P*--*V*) and normalized pressure *F* against the Eulerian strain *f* (*F*--*f*) plots ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01088/suppl_file/ao0c01088_si_001.pdf)). As shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, all the data were obtained under a good quasi-hydrostatic condition over each pressure range. Because the inflection points in both InOOH bulk crystals and ultrathin nanowires are beyond 15GPa, each plot is adopted by fitting with a third-order Birch--Murnaghan equation of state. The derived parameters for InOOH bulk crystals are *B*~0~ = 134(3) GPa, *B*~0~^′^ = 6.7(2), and *V*~0~ = 78.34(2) Å^3^. For InOOH nanowires, the fitting results are *B*~0~ = 152(6) GPa, *B*~0~^′^ = 6.2(4), and *V*~0~ = 78.11(3) Å^3^. A higher bulk modulus also indicates that it is difficult to compress the InOOH nanowires due to the size effect.

![Pressure--volume plots of (a) InOOH bulk crystals and (b) ultrathin InOOH nanowires in the pressure ranges of 0.2--13.7 and 0.9--13.2 GPa, respectively.](ao0c01088_0006){#fig6}

Conclusions {#sec3}
===========

In summary, we have investigated comprehensively the compression behaviors of InOOH bulk crystals and ultrathin nanowires under high pressures by in situ synchrotron radiation X-ray diffraction measurements at ambient temperature. These two kinds of InOOH samples remain stable at the distorted rutile-type phase up to at least 35.0 and 36.9 GPa, respectively. Abnormal compression behaviors of InOOH bulk crystals and ultrathin nanowires can be seen clearly from the *b*/*c*--*P* plots. Two inflection points, which occur at 15.2 and 20.1 GPa, are attributed to the disordered arrangement of hydrogen atoms with a second-order phase transition from *P*2~1~*nm* to *Pnnm*. Over the investigated pressure ranges, a single equation of state is adopted for the best fitting of each *P*--*V* plot. A higher bulk modulus of InOOH nanowires also indicates that the nanoeffect can strongly impact the elastic properties of materials.

Experimental Section {#sec4}
====================

The bulk samples of InOOH, which are composed of uniform, well-crystallized, and well-dispersed micrometer-scaled crystallites, were synthesized following the process described in the published literature.^[@ref54]^ Ultrathin InOOH nanowires were prepared via a simple solvothermal method as follows. First, indium(III) chloride tetrahydrate (InCl~3~·4H~2~O, 99.99%, 0.1 g) was dissolved in a beaker of oleylamine (C18-content 80--90%, 5 mL). Then, 8 mL of ethanol was sequentially added to it under ultrasonication. Once the resultant solution became clear, it was transferred into a Teflon-lined stainless steel autoclave (25 mL), which was heated to 170 °C with a rate of 1 °C/min. After maintaining at this temperature for 12 h, it was allowed to cool down to room temperature naturally. The resulting precipitates were separated by centrifugation and washed repeatedly with deionized water and absolute ethanol to remove the residues and/or impurities. Finally, the obtained products were dried at 40 °C for 5 h before further characterization. Indium(III) chloride tetrahydrate and oleylamine for the experiments were purchased from Aldrich and Acros, respectively. The phase composition of the products was determined using a powder X-ray diffractometer (Shimadzu XRD-6000) with Cu Kα radiation (λ = 1.5418 Å) operating at 40 kV and 30 mA. The X-ray diffraction (XRD) patterns were recorded from 20 to 80° with a scanning speed of 2°/min. The morphology and structure of the samples were checked by transmission electron microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM) using a JEM-2200FS transmission electron microscope, which is equipped with an energy-dispersive spectrometer (EDS) operating at 200 kV.

High-pressure experiments were performed at ambient temperature using diamond anvil cells (DACs) with an anvil culet of 400 μm diameter. T301 stainless steel with an initial thickness of about 53 μm served as the gasket, and a 200 μm diameter sample chamber was drilled in it. The InOOH powders, a tiny ruby chip for pressure measurements, and the liquid quasi-hydrostatic pressure-transmitting medium (methanol/ethanol/H~2~O = 16:3:1) were put into the sample chamber. The angle-dispersive XRD experiments of microcrystallites and ultrathin nanowires were performed at the Shanghai Synchrotron Radiation Facility (SSRF) (λ = 0.6199 Å) and the National Synchrotron Light Source (NSLS), the Brookhaven National Laboratory (BNL) (λ = 0.4112 Å), respectively. All of the angle-dispersive X-ray diffraction (ADXRD) patterns were converted to one-dimensional intensity versus 2θ data by using the Fit2D software.^[@ref55]^ Then, the XRD patterns of microcrystallites were measured with Le Bail refinements by using GSAS program packages.^[@ref56]^ All the broadened diffraction peaks and the lattice parameters of InOOH nanowires at different pressures were fitted and deconvoluted by using the OriginPro 2016 software. The lattice parameters were fitted by using EOSFIT software.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01088](https://pubs.acs.org/doi/10.1021/acsomega.0c01088?goto=supporting-info).XRD pattern and typical SEM image of the as-prepared InOOH bulk crystals. The crystal structure of the hydrogen-disordered and hydrogen-centered models. The calculated XRD patterns and reflection parameters of the *P*2~1~*nm* and *Pnnm* models. The plots of the normalized pressure *F* against the Eulerian strain *f* of InOOH bulk crystals and ultrathin nanowires ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01088/suppl_file/ao0c01088_si_001.pdf))
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